Omega-3 (v-3) very long chain polyunsaturated fatty acids (VLC-PUFAs) such as eicosapentaenoic acid (EPA; 20:5 D5,8,11,14,17) and docosahexaenoic acid (DHA; 22:6 D4,7,10,13,16,19) have been shown to have significant roles in human health. Currently the primary dietary source of these fatty acids are marine fish; however, the increasing demand for fish and fish oil (in particular the expansion of the aquaculture industry) is placing enormous pressure on diminishing marine stocks. Such overfishing and concerns related to pollution in the marine environment have directed research towards the development of a viable alternative sustainable source of VLC-PUFAs. As a result, the last decade has seen many genes encoding the primary VLC-PUFA biosynthetic activities identified and characterized. This has allowed the reconstitution of the VLC-PUFA biosynthetic pathway in oilseed crops, producing transgenic plants engineered to accumulate v-3 VLC-PUFAs at levels approaching those found in native marine organisms. Moreover, as a result of these engineering activities, knowledge of the fundamental processes surrounding acyl exchange and lipid remodelling has progressed. The application of new technologies, for example lipidomics and next-generation sequencing, is providing a better understanding of seed oil biosynthesis and opportunities for increasing the production of unusual fatty acids. Certainly, it is now possible to modify the composition of plant oils successfully, and, in this review, the most recent developments in this field and the challenges of producing VLC-PUFAs in the seed oil of higher plants will be described.
Introduction
In recent years, considerable focus has been placed on engineering plants for the production of very long chain polyunsaturated fatty acids (VLC-PUFAs) in their seed oils. Typically, VLC-PUFAs are fatty acids (FAs) of >20 carbons in length (C 20 -C 22 ) with three or more methyleneinterrupted double bonds in the cis configuration. These FAs are grouped into two main families, omega-6 (x-6) and omega-3 (x-3), distinguished by the position of the first double bond counted from the methyl end. The predominant x-6 and x-3 C 18 FAs found in most seed oils are linoleic (LA; 18:2 D9,12) and a-linolenic (ALA; 18:3 D9,12,15), respectively. Both LA and ALA are required in the diet of higher animals, including humans, as they lack the D12-and D15-desaturase activities that convert oleic acid (OA; 18:1 D9) to LA and ALA, respectively. It is for this reason that LA and ALA are often termed essential FAs. The conversion in vertebrates of essential FAs to the x-6 arachidonic acid (ARA; 20:4 D5, 8, 11, 14) , x-3 eicosapentaenoic acid (EPA; 20:5 D5, 8, 11, 14, 17) , and x-3 docosahexaenoic acid (DHA; 22:6 D4, 7, 10, 13, 16, 19 ) via iterative rounds of desaturation and elongation is known to be inefficient. Indeed, the majority of dietary essential FAs are b-oxidized to provide energy , leaving only a small portion available for synthesis of VLC-PUFAs. Although mammals have the necessary enzymes to make VLC-PUFAs from the parent essential FAs, in vivo studies in humans show that ;5% of ALA is converted to EPA and <0.5% of ALA is converted to DHA (Williams and Burdge, 2006) . These very low conversion efficiencies and lack of sufficient dietary x-3 VLC-PUFAs could compromise health. There is a substantial literature building in support of the health-beneficial properties of x-3 VLC-PUFAs (Abeywardena and Patten, 2011, and references therein) . In particular the dietary consumption of x-3 VLC-PUFAs, for example via oily fish, is known to mitigate conditions such as cardiovascular disease, obesity, and metabolic syndrome (Calder, 2004; Nugent, 2004; Williams and Burdge, 2006; Poudyal et al., 2011) . This situation is leading to calls for EPA and DHA to be considered as 'conditionally essential' FAs. However, many people have intakes of EPA and DHA that are far below the recommended or suggested intake amounts (Meyer, 2011) .
Even if people were to increase their intake of EPA and DHA, providing an adequate sustainable supply is difficult for a number of reasons. Firstly, the primary source of EPA and DHA in the human diet is marine fish, for example tuna and mackerel, yet there is a growing acknowledgement that these sources of x-3 VLC-PUFAs are under pressure, primarily as a result of overfishing, and cannot meet the ever-increasing global demand (Tocher, 2009) . In 2008, of the fish stock groups monitored by the UN FAO (Food and Agriculture Organisation of the United Nations, 2010), 53% were estimated to be fully exploited, 28% overexploited, and 3% depleted or recovering from depletion (1%). Only 15% of the stock groups under observation were categorized as underexploited and able to produce more than their current catches; a situation that gives cause for concern. Secondly, environmental pollution of marine ecosystems has resulted in the accumulation of potential toxins such as heavy metals and dioxins in fish, to the point of questioning the benefits of fish consumption to human health, further limiting availability (Domingo et al., 2007) . Thirdly, it might be imagined that the expansion of industrialized aquaculture could solve some of these supply problems; however, marine fish are poor producers of VLC-PUFAs. Indeed the original source of VLC-PUFAs are marine microalgae (e.g. diatoms), which are concentrated through the food chain finally accumulating in fish lipids. Aquaculture, rather than being a solution, requires a source of VLC-PUFAs for the enrichment of fish feed, which represents a further challenge to the dwindling supplies of x-3 VLC-PUFAs. The statistics are sobering; on average 7.2 Mt of low value or forage fish are removed from the marine food web each year to produce fish meal and fish oil. These fish play an important role in converting plankton into food for higher trophic species, and overexploitation leads to local stress in these species (Tacon and Metian, 2009; Smith et al., 2011) . The aquaculture industry continues to expand, with an average annual growth rate of 6.6%. Indeed aquaculture production in 2008 was 52.5 Mt with a value of US$98.4 billion. Such a rapid rate of expansion places a huge demand on the supplies of fish oil. However, catches for the purposes of fish meal and fish oil production have not increased in parallel with demand, a situation that has inevitably led to sharp price rises, for example fish oil prices reached US$590 t À1 in March 2010, a price that was 50% higher than a year earlier.
In response the ratio of wild fisheries inputs to farmed fish has declined, reflecting the market pressures to reduce fish meal and fish oil inputs in aqua feeds; nonetheless, it still remains as high as 5.0 for Atlantic Salmon (Naylor et al. 2009) .
A possible alternative might be the substitution of fish oil with vegetable oil in fish feeds, but this detrimentally affects the final fish lipid profile of FAs, altering the x-6/x-3 FA ratio and lowering their nutritional value for human consumption. Another option are microalgae, the natural primary producers of VLC-PUFAs. They might offer a direct supply of EPA and DHA to fish oil (Khozin-Goldberg et al., 2011) . Indeed, several commercial single-cell sources for VLC-PUFAs have been developed in the last two decades, for example the production of ARA by cultivation of the oleaginous filamentous fungus Mortierella alpina to meet the demands of the baby formula industry (Sakuradani et al., 2009) . However, economically feasible cultivation of photosynthetic microalgae for large-scale production of VLCPUFAs requires substantial advances in photo-bioreactors and breakthrough solutions enhancing growth performance and lipid modification.
Responding to the limited supply and increasing demand for VLC-PUFAs, in particular x-3 FAs, much research effort has focused on delivering oilseed plants engineered to synthesize EPA and DHA. The potential to expand the use of terrestrial plant-based lipids is great, as such a substitution could alleviate the aquaculture industry's pressures on forage fisheries. It would also reduce human health concerns associated with the presence of dioxins and polychlorinated biphenyls (PCBs) in fish feeds. Such an approach is not without precedence; a few species are able to synthesize the first D6-desaturated step in VLC-PUFA synthesis; x-6 c-linolenic acid (GLA; 18:3 D6,9,12) and x-3 stearidonic acid (SDA; 18:4 D6, 9, 12, 15) , in Borago officinalis and Echium plantagineum, respectively. Yet these sources cannot be utilized for the production of VLC-PUFAs due to their poor agronomic performance. Considerable efforts have been made to improve the composition of vegetable oils, and tremendous progress has been made in improving our (lack of) understanding of the seed oil biosynthetic pathway. However, terrestrial plants do not have the ability to synthesize x-3 VLC-PUFAs such as EPA and DHA; therefore, any approach must involve the introduction of new desaturase and elongase activities. The introduction of the VLC-PUFA biosynthetic pathways into oilseed crops has been successfully demonstrated, but reaching economically viable levels of EPA and DHA has proved challenging. The pathways and developments being attempted to meet this goal are discussed, as are new insights into characterizing the flux of unusual FAs using emerging technology.
PUFA biosynthetic pathways
The production of VLC-PUFAs in plants begins with the synthesis of FAs by the multisubunit fatty acid synthase (FAS) complex in the plastid (Harwood, 1988; Somerville and Browse, 1991) . The final products of this enzymatic complex are 16:0-and 18:0-acyl carrier protein (ACP); much of the 18:0-ACP is subsequently desaturated by a soluble stearoyl-ACP desaturase, yielding 18:1 D9-ACP (Ohlrogge and Jaworski, 1997). These fatty acids are then hydrolysed from ACP by acyl-ACP thioesterases, exit the plastid, and are esterified to coenzyme A (CoA) to form acyl-CoA (Ohlrogge and Jaworski, 1997) . Subsequently some of these acyl moieties will become esterified to phosphatidylcholine (PC) and then undergo desaturation by D12-and D15-desaturases to form the essential fatty acids LA and ALA (Ohlrogge and Browse, 1995; Ohlrogge and Jaworski, 1997; Sasaki and Nagano, 2004) . All higher plants have the enzymatic complex to synthesize the C 18 PUFAs LA and ALA. As discussed, a few plants have the ability to produce D6-desaturated FAs, for example SDA and predominantly GLA. However, higher plants do not possess the enzymes to follow the elongation and desaturation steps to convert C 18 PUFAs into x-3 VLC-PUFAs (Napier, 2007; Damude and Kinney, 2008; Napier and Graham, 2010) . In recent years, several pathways leading to the synthesis of x-3 VLCPUFAs have been described from a range of different species, including animals, fungi, plants, and aquatic organisms, demonstrating the significant role of these FAs in various biological systems. Furthermore all the primary genes involved in VLC-PUFA biosynthesis have been identified. EPA, DHA, and other VLC-PUFAs are traditionally considered to be products of alternating desaturation and elongation steps acting on long-chain polyunsaturated substrates; therefore, two distinct types of primary biosynthetic activities (desaturases and elongases) are required. The first of these steps is carried out by microsomal 'front end' PUFA desaturases which belong to the N-terminal cytochrome b5 fusion superfamily, (Sayanova et al., 1997) , as opposed to the D12-and D15-desaturases from plants, algae, and some fungi which lack this cytochrome b5 domain. The majority of the microsomal desaturases from lower eukaryotes use glycerolipid-linked substrates, in particular FAs esterified to the sn-2 position of glycerolipids. This is in contrast to animals where the substrates for these enzyme activities are thought to be acyl-CoAs (Stymne and Appelqvist, 1978; Griffiths et al., 1988; Jackson et al., 1998) . The second step in VLC-PUFA biosynthesis is microsomal FA elongation, which occurs as a result of four sequential enzymatic reactions: condensation of the substrate FA with malonyl-CoA (KCS, b-ketoacyl-CoA synthase), ketoreduction (b-ketoacyl-CoA reductase), dehydration (hydroxyacyl-CoA dehydratase), and enoyl reduction (enoyl-CoA reductase) (Fehling et al., 1992) . However, the heterologous expression of just the initial condensing enzyme is capable of reconstituting the heterologous elongating activity (Millar and Kunst, 1997; Paul et al., 2006) and for this reason KCS are often referred to as 'elongases'. This condensing enzyme acts in a trans-dominant manner, and is considered to be rate limiting and the regulator of substrate specificity (both chain length and pattern of double bonds). It has been generally assumed that the contribution of the other elongase components to VLC-PUFA synthesis is neutral. The KCS condensing enzymes are divided into two groups: firstly the so-called ELO-like sequences, some of which are involved in VLC-PUFA biosynthesis, and have been cloned from a number of species including mammals, fungi (e.g. Mortierella alpine; Meyer et al., 2004) , and aquatic algae (e.g. Isochrysis galbana; Qi et al., 2002) . Secondly, there are the FAE1-like enzymes with plant-specific KCS activities involved in the biosynthesis of saturated and monounsaturated FAs with C 18 to C 22 + chain length, (James et al., 1995) . In contrast to microsomal desaturation, all microsomal elongation described so far, both ELO-type and FAE1-like, exclusively uses acyl-CoAs as substrates (Jakobsson et al. 2006) .
In order to produce EPA and DHA, most PUFAsynthesizing eukaryotic organisms operate the so-called D6-pathway or the 'conventional' aerobic pathway. The first step in this pathway is the D6-desaturation of both 18:2 x-6 (LA) and 18:3 x-3 (ALA), resulting in the synthesis of GLA and SDA, respectively (see Fig. 1 ). This step is followed by a D6-specific C2 elongation, yielding di-homo c-linolenic 22:5 Δ4, 7, 10, 13, Δ4 Desaturase , 10, 13, 16, 19 (DPA) 22:6 Δ4, 7, 10, 13, 16, 19 (DHA) ω 3 Desaturase Δ15 Desaturase Δ17 Desaturase Δ19 Desaturase Fig. 1 . A schematic representation of the conventional VLC-PUFA biosynthetic pathway from linoleic and a-linolenic acid precursors. The alternative D8-pathway (not show in Fig. 1 ) utilizes a D9-elongase and D8-desaturase to produce DGLA and ETA, respectively.
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acid (DGLA; 20:3 D8, 11, 14) and eicosatetraenoic acid (ETA; 20:4 D8, 11, 14, 17) . A final D5-desaturation then produces ARA and EPA. Precursors entering the pathway can vary in the number and positions of double bonds. Depending on the primary substrate, sequential D6-desaturation, D6-elongation, and D5-desaturation steps produce either x-6 or x-3 fatty acids. The two pathways can be interconnected by x-3 desaturases, which convert x-6 FAs into their x-3 counterparts. An alternative pathway (or the so-called D8-pathway) for the biosynthesis of VLC-PUFAs has been demonstrated in the protist Tetrahymena pyroformis, Acanthamoeba spp., Perkinsus marinus, and Euglena (Euglenophyceae) organisms, all of which appear to lack D6-desaturase activity (Lees and Korn, 1966; Ulsamer et al., 1969; Wallis and Browse, 1999) . It has also been found in some species of microalgae such as the coccolithophore Emiliania huxleyi, Pavlova spp., and Isochrysis spp. (Qi et al., 2002; Zhou et al., 2007; Sayanova et al., 2011a) . In this pathway, LA and ALA are first elongated by a specific D9-elongase to eicosadienoic acid (EDA; 20:2 D11,14) and eicosatrienoic acid (ETrA; 20:3 D11,14,17). These C 20 products are then desaturated by a D8-desaturase to DGLA and ETA. Finally, these PUFAs enter the conventional pathway and are desaturated by a D5-desaturase yielding ARA and EPA.
From this point, the biosynthesis of DHA may follow two different routes: the linear or 'traditional' pathway and the so-called 'Sprecher' pathway. In DHA-accumulating microbes, the traditional pathway involves C2 elongation of EPA to docosapentaenoic acid (DPA; 22:5 D7,10,13,16,19) by a specific D5-elongase which is then desaturated by a D4-specific desaturase to yield DHA (Fig. 1 ). These activities (D5-elongase and D4-desaturase) have been isolated and functionally characterized from several organisms and are closely related to the open reading frames required for the synthesis of ARA and EPA Sayanova and Napier, 2004; Wu et al., 2005) . In contrast, the Sprecher pathway is found in mammals and is independent of D4-desaturation. In this pathway, EPA goes through two consecutive elongation steps initially producing DPA and subsequently tetracosapentaenoic acid (24:5 D9,12,15,18,21) , that is then further desaturated by a D6-desaturase generating tetracosahexaenoic acid (24:6 D6,9,12,15,18,21) . This C 24 PUFA is then subject to partial peroxisomal b-oxidation to yield DHA. It is thought that the essential translocation from the endoplasmic reticulum (ER) to the peroxisome and then back to the ER may represent a method of regulation of DHA synthesis that is independent from the previous steps of the pathway (Burdge, 2006) . From a metabolic engineering point of view, this complex pathway would make the transfer of this system to a heterologous organism difficult (Sprecher et al., 1999) .
As mentioned above, most marine organisms utilize the aerobic FA desaturation=elongation pathway to produce DHA. However, some marine microorganisms are able to produce EPA, DPA, and DHA in anaerobic conditions. These organisms employ an enzymatic complex similar to bacterial polyketide synthase (PKS) in order to synthesize VLC-PUFAs (Metz et al., 2001) . The first evidence of the existence of such a pathway was demonstrated via the transfer of a 38 kb genomic fragment isolated from the EPAproducing marine bacteria Shewanella to Escherichia coli and Synechococcus sp. which resulted in the production of EPA (Yazawa, 1996; Takeyama et al., 1997, respectively) . Later Metz et al. (2001) revealed that these PKS-like enzymes are capable of de novo PUFA synthesis by an iterative extension of the fatty acyl chain, combined with trans-cis isomerization and enoyl reduction in selected cycles. Initially in a manner reminiscent of FAS, these PKS-like complexes synthesize EPA and=or DHA directly from the condensation of malonyl-CoA with a short chain acyl-CoA (Metz et al., 2001; Napier, 2007) . Next the acyl chain is subject to successive rounds of reduction, dehydration, further reduction, and condensation, growing by two-carbon units in each round. The introduction of double bonds is via a dehydrase-isomerase mechanism similar to the one found in E. coli, which does not require oxygen (Qiu et al., 2001; Metz et al., 2006 Metz et al., , 2009 . This PKS-like pathway produces EPA or DHA as free FAs, which require activation to CoAs prior to incorporation of these products into lipids (Metz et al., 2009) . Interestingly these pathways are not exclusive; indeed in some marine eukaryotes the 'traditional' pathway frequently co-exists with the PKS pathway.
Engineering VLC-PUFAs in higher plants
Transgenic production of stearidonic and c-linolenic acid As described above, positive effects on cardiovascular and other diseases are best established for DHA and EPA; however, these FAs are not present in any known higher plants. Yet a small number of plant species do have the faculty to produce D6-desaturated FAs (e.g. SDA and GLA). Such examples are, however, not appropriate to mass market supply as these species are not part of the modern diet, they are difficult to cultivate, and they have relatively low oil yields. Moreover, the composition of their oils can also be problematic, for instance borage (B. officinalis) contains a small amount of the undesirable x-9 erucic acid (22:1 D13) (Guil-Guerrero et al., 2006) . However, there is a requirement for GLA-and SDA-containing oils for the nutritional supplement market (Flider, 2005) , and it is for that reason that there has been a large research interest in using high-yielding crops to produce oils with a significant GLA or SDA content.
Thus the discovery and cloning of D6-desaturases inevitably led to the expression in plants which started as soon as the genes became available. The first published experiments reported an expression of a D6-desaturase isolated from the cyanobacterium Synechocystis sp. under the control of a constitutive Cauliflower mosaic virus (CaMV) 35S promoter in Nicotiana tabacum (tobacco) plants, which resulted in the accumulation of low levels of GLA and SDA in transgenic leaves, but not in seeds (Reddy and Thomas, 1996) . Much higher levels of GLA and SDA accumulation (a combined FA total of ;20%) were obtained by changing the D6-desaturase to one from B. officinalis (Sayanova et al., 1997 (Sayanova et al., , 2003 . Later on, the expression of the B. officinalis D6-desaturase under the control of a constitutive promoter in Linium ustatissimum (linseed) also resulted in the accumulation of GLA (Qiu et al., 2002) . In both cases, GLA was produced in vegetative tissue and only low levels were detected in seeds. Together, these early experiments demonstrated the viability of using transgenic approaches to modify seed oil PUFA content.
Considerable progress has been made and further studies have shown very high levels (up to 70%) of GLA and/or SDA as a result of seed-specific expression. Qiu et al. (2002) expressed a B. officinalis D6-desaturase in Brassica juncea, producing 3-9% of GLA from total FA. Liu et al. (2001) expressed a fungal D6-desaturase from M. alpina along with a D12-desaturase from the same fungus, producing up to 43% GLA in seeds of Brassica napus. Similar levels of GLA were produced in B. juncea seeds expressing a D6-desaturase from the fungus Pythium irregulare (Hong et al., 2002) . The production of SDA has attracted attention from biotechnology companies, for example Monsanto and Solae LLC have a transgenic soybean (producing 15-30% SDA and 5-8% GLA) close to commercialization after successful safety assessment (Hammond et al., 2008 ) and a generally recognized as safe (GRAS) notice confirming that the x-3 soybean oil from the bioengineered soybean can be used in foods and beverages. More recently, the seed oil of a high LA cultivated species of safflower (Carthamus tinctorius) was modified by transformation with D6-desaturase from Saprolegnia diclina, resulting in levels exceeding 70% (v/v) of GLA (Nykiforuk et al., 2011) . In an attempt to produce SDA alone, linseed lines expressing a x6-desaturase from Primula vialii (which specifically only utilizes ALA as a substrate), accumulated up to ;13% SDA and a complete absence of GLA in their lipids. These SDA levels are comparable with those found in the commercial plant source Echium spp., but have the advantage of being devoid of the PUFA x-6 precursor GLA (Table 1; Ruiz-Lopez et al., 2009) . Strikingly, this study also proved that the same construct which was so successful in transgenic linseed produced only low levels of SDA in transgenic Arabidopsis, indicating that this model system may not be entirely representative for all oilseed crops.
Reconstitution of VLC-PUFA synthesis in transgenic plants
Having established the rationale for the production of specific PUFAs in seed oil, the logical next step was the metabolic engineering of the entire VLC-PUFA biosynthetic route in oilseeds. To be successful this required the coordinated expression of multiple genes, as a minimum of three sequential non-native enzymatic reactions (e.g. two desaturations and an acyl-CoA elongation; see Fig. 1 ) are involved in the conversion of native plant FAs such as LA and ALA to VLC-PUFAs such as ARA and EPA. Of course before any such engineering attempt could be made, the genes encoding the primary VLC-PUFA biosynthetic activities had to be identified and characterized. Indeed over recent years this challenge was met with extensive progress in the identification of candidate genes from diverse sources (algae, fungi, mosses, plants, and mammals). Following the cloning and characterization of these genes in model organisms, researchers firstly endeavoured to reconstruct either partially or entirely the VLC-PUFA biosynthetic pathways in the yeast Saccharomyces cerevisiae, demonstrating the feasibility of such an approach (Beaudoin et al., 2000; Das et al., 2000; Parker-Barnes et al., 2000; Domergue et al., 2002 Domergue et al., , 2003 Meyer et al., 2004) . However, despite the success of these early engineering attempts, it was quickly established that the availability of genes was just the first step in a successful approach. Abbadi et al. (2004) engineered a series of plant transformation constructs containing different combinations of D6-desaturases from Physcomitrella patens, B. officinalis, and Phaeodactylum tricornutum, D6-elongases from P. patens and Caenorhabditis elegans, and D5-desaturases from M. alpina and P. tricornutum; where all the genes were under the control of seed-specific promoters. The experiments resulted in a low accumulation of ARA and EPA in tobacco and linseed transgenic seeds, respectively (Table 1) . Moreover, analysis of the acyl-CoA pools in these seeds showed only trace amounts of SDA, but the isolated microsomes from these seeds were able to elongate acyl-CoA substrates provided in vitro. The application of such detailed biochemical analysis established that the first desaturation in the VLC-PUFA biosynthetic pathway was working efficiently, but not the elongation step. This bottleneck was described as a 'substrate dichotomy' (Napier, 2007) , and it is the consequence of desaturase and elongase activities requiring different substrates, namely phospholipid-linked substrates for desaturases and acyl-CoA for elongases. These different substrate requirements resulted in a rate-limiting flux through the alternating desaturation and elongation steps.
The efficiency with which endogenous acyltransferases accept non-native substrates could play an important role in avoiding this bottleneck, and it is also likely that different activities [lyso-phospholipid acyltransferases (LPATs); phospholipid:diacylglycerol acyltransferase (PDAT), etc.] have different affinities for these novel FAs . In addition, many of these acyl exchange acyltransferases can work in both forward and reverse directions (Fig. 2) , and it is for that reason that the pool sizes of the different metabolites are expected to prove decisive in determining the leading enzyme activity. Interestingly, the severity of this bottleneck appears to vary from one host plant to another. This was demonstrated when higher levels of EPA and ARA were obtained in transgenic soybean (Glycine max) and Indian mustard (B. juncea) than in linseed or tobacco. It seems that the endogenous acyltransferases from transgenic soybean and Brassica spp. have a broader substrate specificity than linseed or tobacco. In an attempt to alleviate this bottleneck researchers sought candidate genes encoding the enzyme LPCAT (lysophosphatidylcholine acyltransferase), which catalyses a bidirectional exchange between the PC and the acyl-CoA pool. Examples of LPCAT have been functionally characterized from yeast and animals (reviewed in Ståhl et al., 2008) . However, in all cases it was only the forward reaction that was demonstrated (i.e. acyl-CoA-dependent acylation of lyso-PC, e.g. X. Nakanishi et al., 2006) . The identification of a plant or algal form of LPCAT remains elusive, and clear evidence for the role of the reverse reaction (release of a FA from the sn-2 position of PC and activation to acyl-CoA) and its effectiveness in alleviating the bottleneck for improving the transgenic production of VLC-PUFAs in plants is required. Other opportunities for manipulating acyl exchange are being identified as our knowledge of fundamental lipid metabolism improves. An example of this is the recent characterization of a 10 kDa acyl-CoA-binding protein from B. napus which demonstrated the role these proteins might have in the acyl exchange between PC and the acyl-CoA pool . Thus, it is likely that this acyl-CoA-binding protein facilitates (or even modifies) the activity of plant acyltransferases such as LPCAT. All these efforts were not only practical demonstrations of applied biotechnology, but also provided insights into how biochemical pathways respond to perturbation.
A further iteration of the production VLC-PUFAs in oil seeds was the reconstitution of the alternative D8-desaturase pathway . Arabidopsis plants were sequentially transformed with genes expressing a D9-elongase from the alga Isochrysis galbana, a D8-desaturase from the protist Euglena gracilis, and a fungal D5-desaturase from M. alpina; all under the control of the constitutive 35S promoter. The accumulation of 6.6% ARA and 3.0% EPA in total lipids of leaf tissues represented a 'proof-of-concept' demonstration for the plant synthesis of VLC-PUFAs and for the functionality of the alternative pathway in plants. However, the choice of the constitutive 35S promoter limited the expression of the transgenes to vegetative tissues, and detailed analyses of leaf lipids indicated an inefficient transfer of these non-native FAs from the acyl-CoA pool into extraplastidial phospholipids Sayanova et al., 2006a) . The seed-specific expression of the alternative pathway would allow proper evaluation of the efficacy of this route to VLCPUFAs.
As the possibility of producing VLC-PUFAs in plants has developed, the influence of the host crop has become more apparent. Cheng et al. (2010) investigated the effects of different host species, genes, and promoters on EPA biosynthesis using the conventional pathway. Zero-erucic acid Brassica carinata appeared to be a better host species for EPA production than B. juncea, yielding an average EPA level of 20.4% in transgenic seeds (25.0% in an individual seed). However, in both species, the inefficiency of the D6-elongation step was evidenced by the high levels of GLA and SDA remaining in transgenic seeds. The levels of these intermediates in EPA-accumulating seeds were still very high; GLA and SDA averaged 26.9% and 5.4% of total FA, respectively.
Only once an appreciable level of EPA production in seeds was possible could the production of DHA be realistically attempted. The first report of DHA synthesis in oilseeds was carried out by Kinney et al. (2004 Kinney et al. ( , 2011 . They demonstrated in a patent application filed by Dupont the expression of a D6-desaturase, a D5-desaturase, and a D6-elongase from the fungus M. alpina in soybean. In this case individual genes were under the control of different seedspecific promoters, and both a x-3 D17-desaturase from S. diclina and a x-3 D15-desaturase from Arabidopsis were included in constructs to maximize the accumulation of x-3 VLC-PUFAs by turning the x-6 PUFA metabolites into their x-3 counterparts. In these experiments, they achieved EPA levels of 9.3% in somatic soybean embryos. Replacing the M. alpina D6-desaturase with an S. diclina D6-desaturase appeared to increase EPA levels in embryos slightly (EPA levels up to 13.3%) and plants derived from some of these embryos produced seeds with total FA EPA levels reaching up to almost 20%. It is still unclear why this event yielded higher production of EPA in soybean compared with linseed, and it should be noted that other attempts to produce EPA in transgenic soybeans have not been as successful (R. .
Unexpectedly, these embryos also produced up to 4% DPA, the elongation product of EPA, demonstrating that the M. alpina elongase had some activity on C 20 fatty acids when expressed in plants. Subsequently, and in order to produce DHA in somatic embryos, five different cDNAs were co-expressed: the three genes required for the synthesis of EPA, a D4-desaturase from Schizochytrium aggregatum and a specific D5-elongase from Pavlova sp. Disappointedly, only 2.0-3.3% of DHA in total FA was achieved; these low yields were presumably a result of a poor acyl exchange between the D5-elongase and the D4-desaturase.
Reconstitution of the entire DHA synthesis in B. juncea using a series of binary vectors containing three, four, five, six, and nine genes-all individually controlled by the same strong seed-specific promoter (Wu et al., 2005) -allowed individual steps of the pathway to be observed. The first construct contained only the minimal set of genes required to produce ARA and EPA: a D6-desaturase from the fungus P. irregulare, a D6-elongase from a moss (P. patens), and a D5-desaturase from Thraustochytrium. The transgenic seeds contained high levels of GLA (27%), but relatively low levels of C 20 PUFA, highlighting the poor performance of the reactions required for D6-elongation. However, these seeds also contained 7% ARA and 0.8% EPA because of the high conversion efficiency of the D5-desaturase. Brassica juncea oil is rich in LA, a x-6 substrate in the PUFA synthesis pathway, and this could be the reason why seeds of transgenic plants accumulated much higher amounts of the x-6 fatty acid ARA than the x-3 EPA. In the second construct, a Calendula officinalis D12-desaturase was added to ensure an increase in LA. This experiment resulted in notably higher levels of ARA (up to 17.7% of total FA) as well as EPA (average 1.3%). The next step was the addition of a second D6-elongase from Thraustochytrium spp. to this construct, and it only produced a low increase in elongation efficiency (small increases in both EPA and ARA). These results suggested that overall elongation is not limited strictly by the level of substrate present in an acyl-CoA form. The final addition of a Phytophtora infestans x-3/D17-desaturase produced oil that contained higher levels of EPA (8.1%) with a concomitant reduction in ARA.
Latterly more x-3-desaturases have been identified from a number of fungal species (Damude et al., 2008) . In particular, fungi have been a source of bifunctional D12-and D15-desaturases, for example Fusarium moniliforme (Damude et al., 2006) , Acanthamoeba castellanii (Sayanova et al., 2006b) , Claviceps purpurea (Meesapyodsuk et al., 2007) , and Coprinus cinereus (Zhang et al., 2007) . The co-expression of a D12/D15-desaturase from F. moniliforme with the primary VLC-PUFA biosynthetic enzymes has shown an appreciable increase in the levels of EPA in yeast (Yersinia lipolytica) and plants (soybean) (Damude et al., 2006) , opening the door to higher yields of x-3 LC-PUFAs. An alternative option would be the inclusion of a VLC-PUFA desaturase with strong preferences for x-3 substrates, as seen in Mantoniella squamata, Primula, and Echium (Sayanova et al., 2003; Garcia-Maroto et al., 2006; Hoffmann et al., 2008) . The expression of a Primula D6-desaturase in linseed seeds has already shown a high accumulation of SDA (13.4% of FA) without the concomitant accumulation of GLA in the triacylglycerol (TAG) of seeds (Ruiz-Lopez et al., 2009) .
In attempting the synthesis of DHA in B. juncea seeds, Wu et al. (2005) added three extra genes to the transformation vector: a D6/D5-elongase (from the fish species Oncorhynchus mykiss), plus both a D4-desaturase and a putative lysophosphatidic acid acyltransferase from Thraustochytrium sp. The roles of acyltransferases on FA composition through substrate preferences have been discussed (e.g. Snyder et al., 2009) and it is conceivable that the acyltransferase from a DHA-rich organism might improve the exchange between different pools of intermediate substrates. However, these experiments could not prove if the acyltransferase activity contributed to the increased synthesis of VLC-PUFAs. The transgenic seeds showed an accumulation of 8.1% (the highest value was 15% EPA); however, there was a poor conversion of EPA into DPA which was rate limiting for the D4-desaturase producing DHA (the highest recorded value was 1.5% DHA of total FAs). In order to have a high and uniform expression of all genes, the same strong seed-specific promoter was used for each gene. However, the levels of FA went down in the following generations (X. Qiu et al., unpublished data) , indicating that the presence of many copies of the same promoter sequence could be causing some silencing of the genes (also reported by R. . Most recently, an increase in the oil content in Arabidopsis seeds has been demonstrated by the individual expression of two LPAT sequences from B. napus (Maisonneuve et al., 2010) . It was predicted that such increases in TAGs resulted from the increased flux of acyl-chains. The potential of specific acyltransferases to improve the production of VLC-PUFAs in plants remains unclear because acyl-channelling is the sum of multiple and different acyl exchange activities and it is highly likely that each plant species has a different combination of such activities.
Other available options might include the use of an acylCoA-independent enzyme such as a phospholipid:diacylglycerol acyltransferase or PDAT (Dahlqvist et al., 2000) , which catalyses the transfer of acyl groups from the sn-2 position of the major phospholipids to diacylglycerols (DAGs), and ultimately forming TAGs and lyso-phospholipids. Several genes for PDAT activity have been identified in plants; Arabidopsis contains several PDAT-like genes, including one (PDAT1) that is expressed only during seed development. Although PDAT1 has been shown to have a role (in combination with a diacylglycerol acyltransferase; DGAT1) in Arabidopsis seed oil biosynthesis (Zhang et al., 2009) , it is still unknown if this enzyme does play a major quantitative or qualitative role in VLC-PUFA seed accumulation. A DAGAT2 from castor (Ricinus communis) may offer potential for manipulation of the TAG pool (Burgal et al., 2008) , but perhaps the search for TAG biosynthetic enzymes with affinity for VLC-PUFAs should focus on lower eukaryotes with the desired activities. Finally, the discovery of a new enzyme, phosphatidylcholine diacylglycerol cholinephosphotransferase (ROD1) that catalyses a previously unknown reaction, the interconversion exchange between DAG and PC by phosphocholine head group exchange, might provide a new mechanism by which neutral lipids are enriched in VLC-PUFAs (Lu et al., 2009) .
The most obvious way to bypass the acyl exchange bottleneck is to target both desaturase and elongase activities to one pool. This was made possible by the identification of an acyl-CoA-dependent D6-desaturase from the microalgae Ostreococcus tauri (Domergue et al., 2005) , which when coexpressed in yeast with a D6-elongase resulted in high levels of C 20 PUFAs). Robert et al. (2005) used a bi-functional D5/ D6-desaturase from the fish Danio rerio that was also thought to act on acyl-CoA substrates. Arabidopsis plants then transformed with this desaturase combined with PEA-1 (a D6-elongase from C. elegans; Beaudoin et al., 2000) accumulated levels of ARA and EPA up to 1.6% and 3.2%, respectively. Further co-transformation with a D4-desaturase and a D5-elongase from the alga Pavlova salina produced 0.5% DHA in seeds of T 1 plants. The authors suggested that the use of an acyl-CoA-dependent desaturase may have reduced the need for exchange of intermediates between the acyl-CoA and phospholipid pools, leading to a more efficient synthesis of C 20 PUFAs. Yet although 67% of SDA was elongated, only 17% of EPA was converted to DPA, suggesting that the availability of an acyl-CoA-linked substrate alone did not overcome problems with elongation efficiencies. Hoffmann et al. (2008) also tried to avoid the acyl exchange bottleneck by only using acyl-CoA-dependent desaturases: a D6-and a D5-desaturase from M. squamata Seed-specific promoters were used to co-express these enzymes with the D6-elongase PSE1 from the moss P. patens (Zank et al., 2002) in Arabidopsis plants. Transgenic seeds accumulated low levels (<0.5%) of EPA, but lacked the accumulation of D6-desaturation products previously observed. Most recently, Petrie et al. (2010) have produced up to 26% EPA in N. benthamiana leaf TAGs (10.7% in total FAs) using a putative acyl-CoA-dependent D6-desaturase with strong x-3 preference from the marine microalga Micromonas pusilla. These experiments make use of a very useful and exciting tool reported by Wood et al. (2009) , where a transient expression system is used to reconstitute the synthesis of VLC-PUFAs such as EPA in leaf tissue. This new approach could certainly enhance our capacity to identify some optimal combinations of FA biosynthetic activities for the production of VLC-PUFAs in plants, provided that any differences between leaf cells and developing cotyledon cells in seeds are accounted for.
Presently all the published examples using an acyl-CoAdependent route have resulted in a significant reduction in the accumulation of biosynthetic intermediates (most notably x-6 GLA, linked to PC), but the seed levels of target VLCPUFAs such as EPA and DHA have been disappointingly low (Robert et al., 2005; Hoffmann et al., 2008; Sayanova et al., 2011b) . Substrate availability, the use of non-optimized sequences, or the presence of some unidentified metabolic bottlenecks could be some of the causes; in addition, many approaches lack an unambiguous acyl-CoA-dependent D5-desaturase from lower eukaryotes. Zhou et al. (2008) identified two acyl-CoA-dependent D12-desaturases from insects [house cricket (Acheta domesticus) and red flour beetle (Tribolium castaneum)]; it will be interesting to see if the coexpression of this activity would enhance the activity of the algal acyl-CoA D6-desaturases in transgenic plants.
Alongside all these multistep engineering efforts there is the anaerobic PKS-like pathway, which has also been used for DHA production in plants (Metz et al., 2006) . Arabidopsis seeds accumulated up to 0.8% DHA and 1.7% DPA when four genes were co-expressed in these seeds: the three subunits (ORFA, B, and C) of the PKS pathway from Schizochytrium with a phosphopantetheinyl transferase (PPT) from Nostoc. This PPT activity is essential to activate the acyl carrier protein domains of the PKS. The possibility of producing high levels of EPA or DHA in plants with low levels of intermediates and/or by-products using this pathway would promote their commercialization. Hence, further optimization of this pathway in commercial oilseeds is ongoing.
However, the control of gene expression and high levels of enzyme activity in plants may prove tough due to the significant differences between this pathway and the endogenous plant pathway which involve ER-localized fatty acyl chain elongation or desaturation. It also remains to be determined whether there will be problems associated with the export of those novel free FAs from plastids (Metz et al., 2009) .
The biosynthesis of EPA and DHA in transgenic plants has been clearly demonstrated by a number of groups; however, the levels of VLC-PUFAs are not as high as those seen in fish oil. The goal now is to generate a vegetable oil substitute for fish oils optimizing the accumulation of VLCPUFAs and avoiding the accumulation of intermediates and by-products. In order to do this, our understanding of the regulation, organization, and assembly of the elongase complex must improve. The performance of the FAE1-like alternative pathway D9-elongase from P. marinus (VenegasCaleron et al., 2007) and finding new FAE-1-like KCS activities might achieve higher elongation of target FAs. Beyond KCS activity, it is possible that the isolation and co-expression of the additional core components of the elongases from suitable EPA-or DHA-accumulating organisms will improve the production of these FAs. It is also important to note that the observed variation in VLC-PUFA levels could be partly due to the different promoters used (R. Damude et al., 2008) , and that the use of promoters whose activity coincides with maximal oil synthesis and accumulation could enhance the overall levels of target VLC-PUFAs. Finally, it is also possible that the lack of a subdomain in the endomembrane system or the lack of co-location of critical activities in the pathway could be another cause of limited production of VLC-PUFAs.
Increasing VLC-PUFA yield in seeds: emerging technology Much of the discussion above has revolved around approaches to produce effectively high levels of unusual FAs in plants that differ in chain length and desaturation. However, it is becoming apparent that a better understanding of the enzymes and genes involved in seed oil biosynthesis might help circumvent the limitations on the production of unusual FAs. For example, it is now known that acyl-lipid metabolism in Arabidopsis requires at least 120 enzymatic reactions and >600 genes to encode the proteins and regulatory factors involved (Li-Beisson et al., 2010) . Beyond Arabidopsis, host oil crops are poorly characterized at the genomic level; only the analysis of expressed sequenced tag (EST) data from seeds sequestering oil allows the identification of genes actively involved in TAG production (Cahoon and Kinney, 2005) . The application of the latest pyrosequencing technology generates huge numbers of ESTs, offering opportunities for gene discovery in FA (TAG) biosynthesis. For example, the analysis of ESTs from the developing seeds of four species differing in their TAG structure, content, and storage tissue revealed both conserved and distinct species-specific expression patterns for genes involved in the synthesis of glycerolipids and their precursors (Troncoso-Ponce et al., 2011) . Notably, the EST levels of several genes, for example GPAT, LPAT, and PDAT, potentially involved in the accumulation of unusual TAG structures that might be associated with VLC-PUFA accumulation, were distinct. This might suggest that the acyltransferases required for TAG accumulation have a separate expression pattern not coordinated with FA synthesis or DGAT.
As already discussed, the choice of the host crop and, therefore, the metabolic backdrop influences the relative yield from any engineering attempt. Understanding the inter-relationships between lipid metabolites and their pathways is essential to improve VLC-PUFA yield. Yet our understanding of the accumulation of target VLC-PUFAs in storage TAGs is partial; only recently has the application of detailed kinetic analysis to the channelling of novel fatty acids into soybean embryo TAGs revealed the central acyl exchange between PC and the acyl-CoA pool (Bates et al., 2009) . Further work showed how the production of unusual FAs, for example hydroxy FAs, in Arabidopsis and soybean was limited by the flux of DAGs through PC (Bates and Browse, 2011) , but not in castor (utilizing de novo DAGs; Bafor et al., 1991) . These approaches are set to illuminate the interaction and exchange between lipid pools; a greater appreciation of the different mechanisms of TAG biosynthesis will allow the application of specific engineering strategies to individual host crops.
Labelling studies such as those described above are re-defining the understanding of the inter-relationships between lipid metabolites. Complementary to these focused approaches, the application of mass spectrometry-based techniques and the ability to survey all the major lipid classes involved in oil production comprehensively is proving invaluable in attempts to engineer VLC-PUFA production. Specific methods have been developed for phosopholipids, galactolipids (Devaiah et al., 2006; Xiao et al., 2010) , acyl-CoAs (Larson and Graham, 2001) , and TAGs (Krank et al., 2007; Clauß et al., 2011) . Indeed the application of multireaction monitoring (MRM) using hybrid triple mass spectrometers has enabled the identification of acyl-CoA species that previously co-eluted using conventional chromatographic approaches (Haynes et al., 2008; see Fig. 3A, B) . Whereas the typical analysis of FAs from seed oil is limited to ;8 or 10 individual FAs, the number of individual species of phospholipids, TAGs, and galactolipids rises into the hundreds, reflecting the various editing activities of numerous acyltransferases and ensuing metabolic exchange. This type of detailed analysis allows insight into how plants are incorporating the expression of transgenes for VLC-PUFA biosynthesis into routine TAG synthesis. It is now possible to describe the substrate and product lipid pools to an unprecedented level of detail using MS/MS targeted lipid analysis, allowing precise quantification of each iterative engineering attempt (Sayonova et al., 2011b) . This type of characterization allows rational decision making based on how VLCPUFAs are channelled into TAGs and where the likely bottlenecks and diversions are limiting yield. It is imperative to any successful engineering approach that losses of VLC-PUFA substrates and intermediates to multifarious lipid pools are characterized and mitigated.
Conclusion
The successful introduction into plants of the primary biosynthetic enzymes for the production of nutritionally important VLC-PUFAs such as ARA, EPA, and DHA has been amply demonstrated. Equally the numerous engineering iterations that have arisen during this process have highlighted our incomplete appreciation of the pathways of FA synthesis and lipid remodelling. The identification of enzymes that mediate the flux of unusual FAs, for example DGAT2, could unlock the potential of seeds to produce large amounts of high-value FAs. The desire to produce VLC-PUFAs has focused attention on fundamental metabolic processes and the application of new technology to characterize their interaction; further advances in our knowledge of plant lipid biochemistry will undoubtedly occur. Although the target VLC-PUFAs have been produced in crop plants, a plantbased equivalent of marine oil remains a challenge. This is because in seeds producing VLC-PUFAs, the levels of EPA and DHA need to be closer to that found in marine oils, and the accumulation of x-6 and x-3 intermediates must decline. Refining the composition of VLC-PUFAs in seeds to obtain a fish oil substitute is the most pressing objective; once achieved, then a viable alternative source to the diminishing natural reserves of fish oils would be available. The benefits of producing VLC-PUFAs in plants are clear: a sustainable and non-contaminated source of important FAs essential to human nutrition. Once a route for a VLC-PUFA trait through performance field trials and regulatory approval is secured, the entry of transgenic VLC-PUFAs into the human food chain is possible. This might occur directly through products formulated with transgene-derived VLC-PUFAs (e.g. yoghurt or margarine) or indirectly, in animal feeds containing transgene-derived VLC-PUFAs (e.g. most obviously in farmed fish fed on a diet of modified terrestrial oils). Whatever route is eventually accepted, transgene-derived VLC-PUFAs have an important role in the sustainability of fish stocks, food security, and human nutrition. The analysis of the acyl-CoA pool allows unambiguous identification of individual acyl-CoA species and therefore the efficacy of both desaturase and elongase genes in planta (transgenic Arabidopsis plants are described in Sayanova et al., 2011b) . Secondly the use of ESI-MS/MS systematically to characterize discrete lipid pools enumerates each iterative engineering attempt (C; PC head group positive precursor ion scan for engineered and wild-type mature Arabidopsis seed).
